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Recentastrophysical measuremerstitow for the determination of theold dark matter
densityat percent level accuracy Qcamh? = 0.1134 0.003 (68%CL)

[K. Nakamura et al. (PDG), (2010)]

Attractive scenario to explain the observed

0.25

abundancethermal relic of a WIMP ‘ o
Pure Wino-like y? @}&
@ Lightest neutralino%9) promising candidate 0N S
within the MSSM ¢
. o+ 0.5 ééé\‘\'
@ Requirement ~tg reproduce observed CDM : (o Ple=0.1133) 7o
abundance agj relic poses strong constraints ¢, £
on the MSSM parameter space o
0.05
Sommerfeld enhancemeon the annihilation cross , (S-wave amn. cross sections only)
sections can significantly shiftt, consistent with B0 TI0 B0 20 0 300 %00
the experimentaflcqmh? value  [Hisano et al. (2007)] m,(Tev)

Revisit theSommerfeld enhancemeintthe ¥ dark matterelic abundancealculations for
arbitraryx? compositionandincluding P-wave effects
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Sommerfeld enhancement effect figtin the MSSM (1)

Generic feature imon-relativistictheories withong-range potential interactions:

Sommerfeld enhancement

Enhancement of cross sections dueligiortionof incoming (outgoing) non-relativistic particleplane
wave functiondn presence olong range potential interactions

In context of dark matter annihilations; [J. Hisano et al. (2005/2007); M. Cirelli at al. (2007); N. Arkani-Hamed et al. (2009);
R. lengo (2009); S Cassel (2010); T. Slatyer (2010);

A. Hryczuk et al. (2010) (MSSM investigation)]
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R. lengo (2009); S Cassel (2010); T. Slatyer (2010);
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Relevance irngd relic abundance calculation:
) gg moving atnon-relativistic velocitiesat freeze outv ~ 0.2c
@ Wino- or Higgsino-likef(g must be relatively heavy to produce all observed dark maﬁQ@ relic:
m)‘éf ~O(TeV) — mX? > myy, Mz

@ Mass degeneraciasith slightly heavier particles iy®/x~ sectorgeneric for heavy SUSY
— Co-annihilations in the relic abundance calculation haveet taken into account

X1 X1
s — t- and u-channel exchange of the MSSM gauge and Higgs
W bosongW=, Z, v, h®, H%, A°, HE] lead tolong-range

) %7 instantaneous potential interactiov;y 1y
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Sommerfeld enhancement effect fgtin the MSSM (I1)

Annihilation cross sections are related to the absorptaré ¢f forward scattering amplitudes:
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Xl " (potential exchange only) X1

Potentials can not be treated as small perturbatiensleed resummation to all orders!
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Factorization ofong-range effectandshort-distance annihilation reactions

@ Long-range effectselated to interactions throughatrix valued potentialyfij} )

@ Short-distance annihilation reactioescoded in thebsorptive part okixj — XaXs — xkxI
scattering(can be written aannihilation matrixl“{ij}{,d})
@ Correct treatment requires determination of absorptivegfall (off-)diagonalreactions
XiXj — XaXs — XkXi
@ Diagonal entries of ;;; 14} are related to coefficiensandb = bsyave + bp-wave in

Ul{rﬁiﬂ{AB} Viel = @ + bV|,2e| + O(Vf}el) Viel = [Vi — V]

— aandb may be obtained numerically from codeslaskSUSYor micrOMEGAS
% off-diagonal reactions not accessible
% No decomposition ob = bswave + bp-wave (N€eded to study Sommerfeld enh(2¢v?))
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Non-relativistic effective theory approach: NRMSSM

(Co-) annihilation processes of non-relativisfis andfgiisare characterized by well separated scales:
@ hard scale: M [associated with the short distance annihilation reasfion

@ potential momenta: E; ~ mv?2, || ~ m|V| [associated with long range effects]

@ additional scale introduced by small mass differenies= m,, — m_o < mco
1 1

— Use methods of non-relativistic Effective Field TheoriE&Ts)to integrate out all MSSM
modes down to the scale of potential momenta

Lo = & (1° + £ — om) & + [ & [ 616 T) Vi oy (1) [ 6] 0

+ iy oy (PT00) Oy ML) + -
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Lo = & (1° + £ — om) & + [ & [ 616 T) Vi oy (1) [ 6] 0

+ iy oy (PT00) Oy ML) + -

@ Short-distance~ 1/m;) effects:
Xi X i Xk Accounted for by imaginary parts of Wilson coefficients
of local four-fermion operator® (j; (i}

VAW
1 —_—
M " ol's) =g &'

— VMWW Xj X| — SISk j )

oCs) =¢log gTag,

[seeG.T. Bodwin et al., (1995)]
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Four-fermion operators - MSSM matching calculation

Analytical calculatiorof absorptive parts afill Swave (including®(v?)) andleading order
P-wave matching coefficientf the relevant four-fermion operators has been performed

@ MSSM matching calculation includes dlloop scattering reactionrelevant in the
thermal relic scenario:

neutral charged doubly charged
X% —x0x° O — X% xxT —xx”
x xT—xxt T — %t xtxt — xtx*
X

@ Includes determination of absorptive parts of all possililaliagonalscattering
reactionsyixj; — XaXs — xkxi (off diagonal terms i (jj; r3)

@ Allows to giveanalytical expressiorfer a, bs—wave andbp_wave in

Ul{rﬁ(}eﬂ{xAxB}Vrel =a-+ (bS—wave+ bP—Wave)Vr2e| + .-
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Born levelov,e: numerical comparisons

Comparison with numerically determined tree level expessior o iy — (x,xg} Vrel

; ; ; ; — Py ; ; : :
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red: oV = a + er2e| determined within the EFT

blue: numerically determined tree-level cross secti@nops

EFT approach provides good approximation in the non-résaitt regime:
accuracy~ 0.4% atviel ~ 0.4 (~ 0.03% at Vi) ~ 0.2)

— reliable inx7 relic abundance calculatian, ~ 0.4 at freeze out)
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oVrel INCluding long range potential interactions

Consider case dfl non-relativistic two-particle states of same charge:

N - DG - B

Enhancement of annihilation rate relative to correspandiorn level expression; is described by

gy (F=0) | , Ty & (F=0)] , _
S ~[(0)*| E )}' = [ﬁ('o)( = )]J (leading ordeiS-wave)
[uﬁ (r=0) L, Lyry [W (r=0) L/
@ 1,1 =1,...,N are the regular scattering solution,s(?) corresp. free solutions) of the Schrédinge

equation

(-% Sy + [VlJ(|'7|) + (MJ - Zmﬁ)) 6”D ¥ = Ed J

@ Vi3(|F)) calculated at leading order arising from potenWaf, Z, v, andh®, HO, A| H* exchange
(for both the spin of the scattering two particle states ¢pe0 and s=1)
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oVre INCluding lo nge potential interactions

Determination obvie; within the NRMSSM:

@ For given SUSY spectrum identify allvo particle channels x°/x= sector participating in
(co-)annihilationprocesses duringg freeze-out ¢riterion: Mepannel— 2m>~<0 < m)zo/ZO)
1 1

@ Solve the correspondingulti-state Schrédinger equationumerically for givenvy; and
I'13(3+1L,) for different values of the non-relativistic energyof the respective annihilating two
particle system [done separately for each of the charge sectoesifal, single and double chargpd

Sommerfeld enhanced vie for annihilating two particle channé] composed of; andy;:

ali —vi| = X S(zﬁlLJ)Fn(ZSHLJ)
18,35
+[ 5 SERLTIERL) + 5 SEL) T L)
1p1’3p‘] 1s)y3s,1
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Relic abundance calculation

Precise method available to determine fflgelic abundance in presence of co-annihilations:
[ K. Griest, D. Seckel, (1991); P. Gondolo, G. Gelmini, (1991)]

Consider theBoltzmann equatioffor the yieldY = 2 wheresis the entropy density of the Universe

dy <0'efereI> ( X dg*s) 2 2
- = 1= Y — (Y™
dx H x 30« dx S( ( )> J
@ n = > n,, is the sum of all (co-)annihilating®/x* species ajzg freeze out
i
@ xX= m)zg/T
(oeft Vrel) = - {0ij Vrer) Wél(x) [1+AT¥2 1+ Aj}?’/z exp(—x (Ai + 4j) ) J
i

@ A = My — Mgo

@ ger(x) describes number of effective degrees of freedorg%fiy = sector during freeze-out

— Relic abundancdetermined a8),, ¥ = p%,/paith* = mySoYo/pait h* J
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Results for a wino-likex7

Consider wino-likex; scenario With‘n;g =2.75TeV:
@ x; withom__ =0.21 GeV
X1
@ next-to next-to lightest particle ig%/x* sector withdmgo ~ 200 GeV
— Perform relic abundance calculation within tRRMSSMwith threenon-relativistic
speciesy} andyi

Thermally averaged and weighted cross sections

102 ——  with Sommerfeld enl 5 0
------ perturbative X1X1
Cross section calculation includes
.. . w 25
@ full mixing matrix effects E o
o
@ effects ofO(V?) S andP- waves
. ~ > 10»26,
@ taking ch_anneggxg S :
perturbatively into account v T
(E< M < mig) 1077k """""" -
28 L L : n
o 100 10 16 10
x=m, /T

Charlotte Hellmann (RWTH Aachen) SUSY 11, August 28 2011 12/14



Results for a wino-likey?

(oeV)  [my = 2757V, om__ = 0.21GeV Evolution of yieldY /Yiree
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@ Including full MSSM mixing matrix effects itwino-like ¥9 scenario compared foure Winox?
limit leads to~ 40% effecton (oegV) for x ~ 10° [~ 8% effect forx ~ 10%]

— largex region however gives negligible effect in the final relic alance

@ Sommerfeld enhancement efféeithis MSSM scenario leads to a significdi® 7% reductionof

therelic abundanceelative to the calculation without taking Sommerfeld eations into account
(in agreement with previous investigatiopssano et al. (2007), Cirelli et al. (2007)])

— Reduction essentially through Sommerfeld enhancemergautilg ordeS-wave (as expected for
this particular scenario)
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@ Non-relativistic EFT approach represents a suitable meth@address the Sommerfeld
enhancement effect in dark matter relic abundance calontatproviding

@ factorizationof long range effects and short distance reactions
& determination obff-diagonal elementin the annihilation matrix iy 1y
& separation ofs- andP- waveannihilation rates ab (v?)

for ageneric MSSM parameter-space point

@ New features in our work

@ analytical expressiorfer absorptive parts af(v?) S- andP- wave Wilson coefficients
encoding all possibléoff-)diagonal scattering reactiongxj — XaXs — xkxi
@ investigation of®(v?) effects and effects of heavier states

@ Work in progress: with the tools now available we can studySbommerfeld
enhancement effect if? relic abundance calculations for a generic MSSM scenario
including higher order effects that have not been takenantwunt before
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